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We develop a model for the recrystallization of Si films that are traversed by a molten zone. The
model simulates the branching behavior of low-angle grain-boundary defects in these films to a re-
markable degree. The simulated subboundary patterns scale approximately as the square root of
the scan velocity, in excellent agreement with experiment.
PACS numbers: 68.55.+b, 68.30.+z
In most studies of pattern formation in crystal
growth diffusion of heat and diffusion of impurities
are the dominant influences. The resulting cellular or
dendritic structures have attracted much recent in-
terest. '2 For an interface moving at speed v with dif-
fusion coefficient D, there are two relevant lengths: a
diffusion length D/v, and a microscopic length do
which expresses the resistance of the interface to cur-
vature. The resulting solidification patterns scale as
A. = (doD/v) ', which decreases with increasing v.
We argue here on the other hand that the pattern of
low-angle grain boundaries (subboundaries) in zone-
melted silicon films is dominated by interface kinetics,
and that as a result for this case A. increases with v. Ex-
perimentally, it has indeed been found that A. ~ v~, with
p = 0.5. Our model accounts for this and other prop-
erties of these low-angle grain-boundary patterns in a
natural way. Moreover, while most models in the field
of pattern formation that can be analyzed in some de-
tail are only a crude approximation of the full prob-
lem, 3 ours is not only simple but also appears to be
realistic enough to compare directly to experimental
data. As such, it also provides an interesting example
of pattern formation that is a result of the competition
in the growth of nearby facets, and of a fully deter-
ministic nonlinear system that quickly settles statisti-
cally into a steady state.
In zone-melting recrystallization a hot zone is
scanned at a constant speed v over a thin film support-
ed on a solid substrate. The film melts and then re-
crystallizes behind the heater. After recrystallization,
the material is usually found to consist of a mosaic of
regions, each of which has perfect crystalline order but
whose crystalline orientation differs slightly from re-
gion to region. The resulting low-angle grain bound-
aries, or subboundaries, can be made visible by etch-
ing. Subboundary networks are often found in recrys-
tallized metals4 such as Cu or Sn, but have been most
studied in thin Si films. For Si thin films essentially
similar subboundary patterns are seen independently
of the details of the melting, whether by incoherent
light, lasers, electric beams, 7 or graphite strip
heaters. s Figure 1(a) is a Nomarski micrograph of a
typical Si subboundary network obtained in our labora-
tory with use of graphite strip heater. 9 The film con-
sists of many Si(100) single crystals misoriented by
typically 1' to 2' across each subboundary. Such ex-
perimental low-angle grain-boundary networks always
show certain characteristics: (1) They run approxi-
mately parallel to the scan direction. (ii) Subbound-
aries that approach one another laterally appear to at-
tract one another until they finally merge into a single
survivor. (iii) New subboundaries are nucleated to
maintain a constant average lateral density. (iv) Once
nucleated, a subboundary does not terminate except
by merging.
This work grew out of our study of the mechanism
that causes adjacent nearby subboundaries to appear to
be attracted to one another over long distances before
finally merging. Rather than attributing this attraction
to actual physical forces such as the long-range interac-
(a}
(b)
FIG. 1. Nomarski micrographs of typical subboundary
networks. A 0.5-p, m polysilicon film between micron layers
of amorphous Si02 was recrystallized by scanning a narrow
molten zone across the sample at 1.5 mm/sec. The cap ox-
ide was then removed and a chemical defect etch was used
to enhance the subboundaries. (a) Electron diffraction
shows that this film has (100) texture with (010) along the
scan. (b) Electron diffraction shows growth tilted by 7'
away from (100) texture and by 12' away from the (010)
in-plane axis.
1944 1985 The American Physical Society
VOLUME 54, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1985
SCAN
SOLID
~&("2 i+ 1 ~ y2i+1)
LI QU I D
X=Xrr1
FIG. 2. Faceted melt-crystal interface (solid line). The
dashed lines are a portion of this interface a short time later.
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tion of dislocations, we have found that we can under-
stand it quite naturally in terms of the motion of a
faceted growth front.
The melt-solid interface of a growing Si crystal often
establishes itself on the Si(111) crystal planes. to Ex-
perimental zone-melted Si films on Si02 tend to re-
crystallize with a (100) plane parallel to the film, that
is with (100) texture, and with a (010) axis along the
direction of the scan. s The growth interfaces of such
films break up into facets defined by alternating (111)
and (111) planes. Geis and co-workerss" have ob-
tained experimental evidence that subboundaries are
formed at the interior corners [such as the one at
(x2, ,y2, ) in Fig. 2] of such a faceted front, and have
proposed a qualitative model of subboundary forma-
tion. We have built upon their picture to develop a
more quantitative understanding of the time evolution
of subboundary networks. The detailed mechanism of
subboundary formation is not yet understood. We
have evidence, '2'3 however, that it is due to the build
up of excess oxygen in the melt which becomes fur-
ther concentrated at reentrant corners in the growing
solid.
We assume that the (111) and (111) facets at the
growth interface advance by the nucleation of new
layers, with each nucleation event contributing a com-
plete new layer of atoms. Long facets tend to grow
faster than short ones because they have more nu-
cleation sites. This is sufficient to explain the apparent
attraction of nearby subboundaries. To see this, con-
sider Fig. 2. The solid line is the melt-solid interface
of a Si film crystallizing with (100) texture along a
(010) growth axis. The position of the interface a
moment later is drawn with a dashed line. Obviously,
the corner at (x2;,y2, ) moves downward in time as a
result of the fact that the long facet l2, +1 grows faster
than the short one l2, . Thus, short facets shrink in
size by being overtaken by long ones; this in turn
causes subboundaries to merge in the way illustrated
in Fig. 3, which shows the results of our simulations
described below.
Our model assumes the following: (i) The scanning
FIG. 3. Computer plot generated by Eqs. (I) and (2)
showing the facets and the loci of the interior corners of the
faceted growth front, moving from left to right.
= p2I2; x
X2]+ ) + X;)I (2)
and similarly
X2I + ) + X2 I
R2i+1 pll2;~1 x
Here pt and p2 are kinetic factors determined by the
strip heater or other heat source imposes a moving
linear temperature gradient, parallel to the scan direc-
tion. (ii) The growth interface consists of alternating
(111) and (111) facets, which may extend up to the
melting isotherm, but not into the superheated region.
(iii) The growth rate of each facet is limited only by
the nucleation rate of new monolayers, and is indepen-
dent of the spreading rate of the monolayers. (iv) The
nucleation rate is zero at the melting isotherm, and in-
creases linearly with the undercooling. '
Since all angles are fixed, the geometrical construc-
tion of Fig. 2 shows that the rate of change of the
length /2, of the 2ith facet is proportional to the differ-
ence in the normal growth rate of neighboring facets,
or
d—l2, — . i + i (R2, 1 — 21+1)~dt sin~o. ~ n2g
d 1
dt '+ Sin(o. t+ n2)
where R, is the normal growth rate of the ith facet. If
the heat source is scanned at a velocity v, and x is the
, position of the melting isotherm, then x = ut. By our
~ assumptions it follows that the, growth rate of a facet is
an explicit function of its length and its position with
respect to the melting isotherm, i.e.,
r X2i 1 (x~ x) dx
R 2/ r-2g ~ COSn2
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tilt between the plane of the Si film and the growing
(111) and (111) facets. For films of (100) texture,
/3t =P2.
Plots of the dynamics of the facet growth were made
by integration of Eqs. (1) and (2) numerically using a
Runge-Kutta technique. Periodic boundary conditions
were used to eliminate edge effects. The rule for gen-
eration of new facets was based on the mechanism
described by Geis et ai. " If a peak formed by two ad-
jacent facets approaches the melting point, it flattens
and indents forming new (111)and (111)facets. Ini-
tial indentations of only 10 sl2, are sufficient for
stable growth.
Figure 3 is a plot generated by the model showing
the time development of the facets and the loci of the
interior corners [e.g. , point (x2, ,y2, ) in Fig. 2] of the
faceted growth front. The growth is along (010) with
no tilt, and thus nt=a2=n/4, .and Pt=P2. Initially,
all facets had equal length except for a 5% perturbation
of one. The perturbation propagates rapidly, and the
system quickly settles into a quasistable pattern of
facet generation and annihilation. ts
The insets show interior-corner nucleation and an-
nihilation in detail. Interior corners newly formed at
x recede towards lower-temperature isotherms, be-
cause they are bounded by short facets which grow
more slowly than the longer facets of the second
neighbors on both sides. For a t = o, 2, P t =P2, interior
corners are always drawn toward the side with the
shorter facet, so that neighboring pairs come together
more and more rapidly as their separation decreases.
While the model does not explicitly require that adja-
cent interior corners annihilate in pairs, they nearly al-
ways do so, because the dependence of the growth rate
on undercooling tends to drive interior corners to a
common temperature isotherm.
Figure 4 shows plots of the loci of interior corners of
the faceted interface under several simulated growth
conditions. Note the striking similarities to the experi-
mental subboundary networks of Fig. 1. This harmony
between simulation and experiment provides strong
evidence for the proposition that subboundaries
indeed originate at the interior corners of a faceted
growth front.
The initial facet lengths differ by about a factor of 3
between Figs. 4(a) and 4(b). After a short evolution,
however, the two patterns become very similar, and
remain so until the simulated scan velocity was
changed halfway across 4(b). This illustrates that
faceted growth quickly establishes a pattern that,
although continuing to change, is statistically a steady
state. '
Halfway across plot 4(b) the scan velocity, v, was re-
duced to u/4. The overall scale of the pattern is re-
duced by almost a factor of 2, but the aspect ratio and
the general characteristics are otherwise unchanged.




FIG. 4. Computer-generated plots of the loci of interior
corners (referred to the solid) of the faceted melt front dur-
ing growth. (a), (b) nt = o.2 = 45' and p& =p2. Halfway
across plot (b) the scan velocity was reduced from v to v/4.
(c) a, =41.5', ~2=48.5', Pt=P2. (d) o. , =57', o.2=33',
pt = 1.9p2.
of the pattern. This shows that the characteristics of
the. (010) simulations are built into Eqs. (1) and (2)
and, except for adjustments to the overall scale, there
are no adjustable parameters.
At very large scan velocities we can expect a change
in the nature of the growth process. With less time
available for a nucleation cluster to spread laterally and
cover the facet, other nuclei may be generated in the
layer. In this case the growth rate will be less sensitive
to the length of the facet. Indeed, experimental sub-
boundary structures formed at high scan velocities
tend to have fewer branches, indicating that one is ap-
proaching conditions where facet lengths are no longer
affecting the kinetics. Large step velocities are implied
in any case, since the time required for the step to
move across the facet must be comparable to the aver-
age time between nucleation events. From the experi-
mental data, a step velocity of several meters per
second is obtained if we assume that these times are
equal, and that there is only one nucleation event per
layer.
The relation of scan velocity to pattern scale is of
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particular interest because it illustrates another point
of close agreement between our simulations and ex-
periment. Geis et al. " have reported that for (100) Si
films, the average distance A. between subboundaries
varies approximately as the square root of scan speed.
We have confirmed this result for films grown in our
laboratory, and find, as illustrated in Fig. 4(b), that the
average distance between facet tracks in our simula-
tions also shows this dependence. One can understand
this as follows: The forward corner of a typical facet
pair will be quite close to the melting isotherm, so that
x2, , = x . Substitution of this in Eq. (2) yields
R2, ——,'pl2;cosn2. Since the growth rate of a typical
facet is proportional to u, we get 12,~ v' . As noted
above, models based on thermal or impurity diffusion
effects cannot account even qualitatively for this
dependence.
The more general cases of faceted growth along dif-
ferent axes (not exactly along the (010) direction) and
tilted away from (100) texture are shown in Figs. 4(c)
and 4(d), together with our experimental film that
matches these conditions in Fig. 1(b). In experimental
films we find that off-axis growth, with nten2, is
most often also tilted off (100) texture so that pt& p2.
Our model does not require this linkage, but can readi-
ly accommodate it. Consider simulation 4(c) with
nt~ n2 and pt =p2. Note that the branching is like the
experimental subboundary pattern 1(b), but from the
wrong side. To get the branching to come from the
other side we find that we must set nt and n2 to agree
with experiment as well as separately adjust pt and p2
as was done in simulation 4(d). Electron diffraction
channeling of the film of Fig. 1(b) confirms that its
texture is indeed tilted away from (100) by 7'.
We conclude there is a close correspondence
between the loci of interior corners of the (111),(111)
faceted growth front, and the patterns formed by
experimental low-angle grain boundaries in melt-
recrystallized thin Si films. It is remarkable how well
the patterns generated by the model and experiment
agree. As mentioned previously these calculations do
not specify the details of the subboundary formation at
the interior corners. Indeed, we note that nothing in
this work demands that subboundaries must form on
the interior corners of the faceted front. It is quite
possible to envision a dislocation-free single-crystal
film growing from a melt of high purity with a faceted
growth front but without subboundary formation.
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